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Abstract

:

Featured Application


We have idenfied our synthesized TPA-1A material can apply as hole injecting and hole transporting material for PhOLEDs applications.




Abstract


In this study, triphenylamine-based hole-transporting material 4-(9,9-diphenylacridin-10(9H)-yl)-N-(4-(9,9-diphenylacridin-10(9H)-yl) phenyl)-N-phenylaniline (TPA-1A) was designed and synthesized by using single-step Buchwald–Hartwig coupling reaction with higher yield percentage of 76%. Our synthesized TPA-1A showed excellent thermal stability, with a higher glass transition temperature of 176 °C and decomposition temperature of 474 °C at 5% weight reduction. TPA-1A based green phosphorescent organic light emitting diodes (PhOLED) device was fabricated to investigate the device properties and compare it with the similar reference N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB)based device. The TPA-1A-based PhOLED demonstrated an excellent current and power efficiency of 49.13 cd/A and 27.56 lm/W, respectively. Moreover, TPA-1A demonstrated better hole injection efficiencies as well. The overall efficiencies were better than the reference NPB-based device.
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1. Introduction


Organic light emitting diodes (OLEDs) have given dramatic development in display technology and printed flexible electronics because of their efficiency enhancement while showing advantages of lower power consumption, high brightness, and contrast. The general OLED structure consists of two electrodes, namely, an anode and cathode at both ends. There is a hole-injecting layer (HIL), hole-transporting layer (HTL), emission layer (EML), electron-transporting layer (ETL), electron-injecting layer (EIL) embedded between two electrodes, the anode and cathode, which is known as a multilayer OLED structure. Multilayer OLED devices have improved the quantum efficiency when compared to single-layer devices [1,2,3,4]. Hole-transporting materials (HTM) play a major role to transporting holes from the anode to the emission layer and providing charge balance to prevent efficiency roll-off, since the hole transportation process faces critical issues, like thermal instability, lower hole mobility, and hole injection barrier [5,6,7]. Small molecular hole-transporting materials expressed crystallization features during long operation times, but they showed shallow HOMO energy levels as an advantage.



To overcome those issues, there are many hole-transporting materials synthesized with different structural modifications. Arylamine, spiro derivatives, and carbazole-based molecular structures have been extensively used as hole-transporting materials for their excellent electron-donating capability [8,9,10,11,12,13]. The most abundantly using HTMs, 4,4,4-tris(N-carbazolyl) triphenylamine (TCTA), N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) and N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD), have been communicated with higher quantum efficiencies. However, NPB and TPD materials revealed poor thermal and morphological stabilities, and TCTA expressed inferior hole mobility [14,15,16,17]. The OLED device degradation mechanism is not fully studied, but several reports indicate that major morphological changes of the amorphous hole-transporting layer (HTL) [18,19].



One of the largest obstacles in the development of highly efficient and stable phosphorescent organic light emitting diode (PhOLED) is the design and synthesis of effective hole-transporting materials, which should possess higher hole mobility with lower injection barrier and stable morphological properties. Especially, triphenylamine (TPA) and its derivatives received an astonishing achievement in many optoelectronic studies, like perovskite solar cells (PSCs), OLEDs, and organic field effect transistors (OFET), in the form of small molecules and oligomers. There are many advantages associated with TPA moieties, which are electron-donating, low ionization potential, high hole mobility, and have a stable morphology and thermal properties. Predominantly, electron contribution depends on nitrogen atoms in the TPA and TPA-based moieties in which the N atom can be oxidized and transport positive charges (holes) adequately. Moreover, TPA groups can further modify with different substituent groups to extend the conjugation length which enhances the electronic properties additionally [20,21,22,23,24,25,26,27,28,29].



Acridine (ACR)-based molecules have been extensively used in thermally-activated delayed-fluorescence (TADF) emitters and host materials, as electron-donating units and hole-transporting materials in solar cells and OLED applications. Although ACR can be utilized as hole-transporting material in OLED applications due to the presence of electron-donating nitrogen atoms at the 10th position in between two phenyl rings, a structure that resembles the TPA molecule, but with two phenyl rings of TPA connected via a methylene bridge to form a hexagonal ACR molecule. The ACR molecule is more rigid than the TPA molecule, which will be useful in HTM applications in OLEDs. Moreover, free rotating phenyl groups at the 9th position can enhance the rigidity, thermal stability, and also prevent pi-pi stacking over molecules. This observation will give a better result as a hole-transporting material when compared to carbazole-based molecules [30,31,32,33,34,35,36,37].



In this study, we have designed and synthesized a hole-transporting material with a triphenylamine core and diphenyl acridine moieties, which was anticipated to show higher quantum efficiencies with stable thermal properties.




2. Materials and Methods


2.1. Materials


All reagents and solvents were acquired from commercial suppliers. TPA and 1A were purchased from TCI chemicals (Seoul, Korea). Toluene, n-hexane, and dichloromethane were purchased from SK Chemicals (Gyeonggi-do, Korea). Toluene was distilled from sodium/benzophenone before use. Analytical thin layer chromatography (TLC) was completed by using aluminum-backed Merck Kieselgel 60 coated plates (Seoul, Korea). Column chromatography was performed using silica gel with a mesh size of 200–300.




2.2. Instrumentation


1H and 13C NMR spectra were recorded using a JEON JNM-ECP FT-NMR spectrometer (Peabody, MA, USA) operating at 500 MHz. Absorbance spectra were obtained using a SINCO S-4100 ultraviolet visible (UV–VIS) spectrophotometer (SINCO, Seoul, Korea). The energy of the band gap (Eg) was estimated from the onset wavelength of the UV–VIS absorbance spectra. Photoluminescence (PL) spectra were recorded using a HR800 spectrofluorimeter (Horiba Jobin Yvon, Paris, France). The triplet energy level (ET) was determined from the onset wavelength of the emission spectra at 77 K in tetrahydrofuran (THF). The HOMO (highest occupied molecular orbital) level was calculated by the AC-2 method using a photoelectron spectrometer (RIKEN, Saitama, Japan). The LUMO (lowest unoccupied molecular orbital) level was estimated by adding the band gap energy to the obtained HOMO energy. OLED devices were fabricated by a thermal evaporating system (5 × 10−7 torr pressure) (Sunicel plus, Seoul, Korea). Current density-voltage-luminescence (J-V-L) efficiencies were recorded by an OLED I-V-L test system (Polarmix M6100, Suwon, Korea). The electroluminescence (EL) spectra analysis was obtained by using a spectroradiometer (Konica Minolta CS-2000, Tokyo, Japan). Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were organized by using SDT Q600 V20.9 Build 20 and DSC Q200 V24.9 Build 121 (TA Instruments, New Castle, DE, USA) instruments with a heating rate of 10 °C/min under an inert atmosphere. Mass spectrometry analysis was carried out using a Xevo TQ-S spectrometer (Waters, Milford, MA, USA). Elemental analysis (EA) was measured by an IT/flash/2000 elemental analyser (Thermo Fisher Scientific, Loughborough, UK).




2.3. Synthesis of 4-(9,9-Diphenylacridin-10(9H)-yl)-N-(4-(9,9-diphenylacridin-10(9H)-yl)phenyl)-N-phenylaniline (TPA-1A)


A mixture of 4-bromo-N-(4-bromophenyl)-N-phenylaniline (TPA, 2 g, 4.96 mmol), 4-(9,9-diphenylacridin-10(9H)-yl)-N-(4-(9,9-diphenylacridin-10(9H)-yl)phenyl)-N-phenylaniline (1A, 3.47 g, 10.40 mmol), Pd(OAc)2 (0.03 g, 0.15 mmol), sodium tert-butoxide (1.81 g, 18.80 mmol), 10% tri-tert-butylphosphine in toluene (0.70 mL, 3.5 mmol) and 100 mL of anhydrous toluene were added in a two-neck 150 mL round bottom flask equipped with condenser. The mixture was then stirred at 110 °C for 10 h under a nitrogen atmosphere. The residues were extracted with dichloromethane (3 × 30 mL) and deionized water (60 mL). The organic layer was collected, dried over anhydrous sodium sulphate and concentrated through a rotary evaporator. Finally, the crude material was separated using a silica column with an n-hexane: dichloromethane (5:1 to 1:1) gradient-based mobile phase to achieve the pure TPA-1A target molecule. Synthesize route of TPA-1A is illustrated in Scheme 1.




2.4. OLED Fabrication and Characterization


Green phosphorescence based OLED devices (PhOLEDs) were fabricated with our new hole-transporting material (TPA-1A) to investigate the efficiencies when compare to NPB-based reference device. A 150 nm thickness substrate was subjected to ultra-sonication with isopropyl alcohol for 10 min, and followed by deionized water treatment. Then, ultraviolet and ozone treatment was held further. A thermal evaporating system with the pressure of 5 × 10−7 torr was used to fabricate the organic layer-embedded OLED devices. Consequently, deposited devices were encapsulated with glass covers and the size of the device was 2 mm2.





3. Results and Discussions


3.1. Thermal and Morphological Properties


The thermal stabilities of TPA-1A were investigated by TGA and DSC measurements; these data are shown in Figure 1 and summarized in Table 1. TPA-1A exhibited a high glass transition temperature of 176 °C, while demonstrating a high decomposition temperature of 474 °C for 5% weight reduction. The observed values are more suitable for thermally stable device applications and which enhance the morphological properties during device fabrication. Consequently, our materials revealed a higher melting point of 351 °C. TPA-1A showed outstanding thermal properties than well-known reference hole-transporting materials NPB (98 °C) and TPD (65 °C) due to its highly conjugated structure and rigid diphenyl acridine moiety attached to the triphenylamine central core [38,39].



The morphological studies of films are supported by scanning electron microscope (SEM) imagery and depicted in Figure 2. We could observe a well-defined multilayer structure with visible interfaces. Each layer shows proper contact with their adjacent layer, which helps to enhance the device efficiencies through proper charge transportation.




3.2. Electrochemical and Photophysical Properties


The HOMO energy level of TPA-1A was −5.78 eV, and showed little lower energy value with the NPB material (−5.5 eV). The HOMO energy level is lying between the anode (−4.80 eV) and the emission layer (−5.90 eV). The suitable HOMO energy level helps to transport holes effectively from the anode (Table 1). The HOMO energy difference between TPA-1A and the emission layer is 0.1 eV, while the energy difference of NPB is 0.4 eV. Lowering the energy difference can enhance the efficiencies through providing an effective hole-hopping path. The LUMO energy was −2.45 eV, which was calculated by adding the band gap to the HOMO energy. The LUMO energy level is higher than that of the electron transporting layer (−2.80 eV), which is beneficial for acting as an electron blocking layer. The frontier molecular orbital (FMO) energy levels were matched with the adjacent layers of the fabricated OLED device to ensure the effective charge transportation.



Figure 3 describes the UV–VIS absorption and photoluminescence (PL) spectra of TPA-1A, which showed a maximum absorption peak at 319 nm. The above absorption is attributed to the π–π* transition of the aromatic rings. The band gap value of TPA-1A was 3.33 eV, which was calculated from the on-set absorption at 372 nm. We did not notice any prominent absorption in the visible region.



The PL emission at room temperature revealed a maximum at 425 nm. The triplet energy was 2.58 eV, which was measured from the low temperature PL emission (77 K) at 481 nm and which is lower than that of spiro-based molecules.



Commonly, spirobifluorene without other molecular attachment has a higher triplet energy of 2.87 eV, when another molecule attaches via the para position leading to lowering the triplet energy around 2.52 eV compared to the ortho position (2.77 eV). In the case of the ortho position, pi electron delocalization is restricted, which has a higher triplet energy. Moreover, when a molecule attached through the para position makes a long conjugation length by delocalizing more electrons, it affects the triplet energy. In our molecule, acridine attached with triphenyl amine through the para position which extended the conjugation length while decreasing the triplet energy [40]. Cho et al. reported on a green phosphorescence OLED with the higher triplet energy material N,N,N′,N′-tetraphenyl-spiro(cyclopenta[de]fluorene-1,5,9′,9″-bifluorene)-2′,7′-diamine (DSBF-DPA) (2.44 eV), which exhibited an external quantum efficiency of 16.5%, higher than that of a similar NPB-based device (10.4%). The author revealed that the higher triplet energy can prevent the triplet exciton which come from the emission material. NPB, which showed a lower triplet energy (2.3 eV) than the green dopant Ir(ppy)3 (2.4 eV), led to a drop in device efficiency [41].



Triplet energy is an important phenomenon in organic devices to improve their efficiencies. TPA-1A showed a slightly higher triplet energy of 2.58 eV compared to NPB, which can lead to facilitating effective triplet exciton blocking to enhance the device efficiencies.




3.3. Device Characteristics


To investigate the hole-injection and hole-transporting properties, we have fabricated two green phosphorescence OLED devices with TPA-1A as the hole-transporting material and hole-injecting materials. The energy diagram of both device structures are depicted in Figure 4. The device structure of the TPA-1A hole-transporting layer (HTL) was indium tin oxide (ITO) (150 nm)/1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile (HATCN) (10 nm)/HTL (15 nm)/4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP): 5 wt % Tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3)/bathophenanthroline (Bphen) (30 nm)/8-quinolinolato lithium (Liq) (1 nm)/aluminium (Al) (100 nm). ITO and Al were used as the anode and cathode, respectively. HATCN was the hole-injecting layer (HIL), while Liq was the electron injecting layer (EIL). The CBP host material was doped with green emitting Ir(ppy)3. To compare the device efficiencies of TPA-1A, a NPB-based reference device with a similar structure was fabricated. Another device structure of TPA-1A as a hole-injecting layer was indium tin oxide (ITO) (150 nm)/HIL (10 nm)/HTL-NPB (15 nm)/4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP): 5 wt % Tris[2-phenylpyridinato-C2, N]iridium(III) (Ir(ppy)3)/bathophenanthroline (Bphen) (30 nm)/8-quinolinolato lithium (Liq) (1 nm)/aluminium (Al) (100 nm).



The current density-voltage-luminescence (J-V-L) characteristics are depicted in Figure 5. The TPA-1A-based device showed a higher turn-on voltage of 4.4 V when compared to the NPB-based device (3.4 V). The green PhOLED device showed similar power efficiencies of 30.85 and 31.62 lm/W for NPB and TPA-1A, respectively, at turn-on voltage. The power efficiencies at 1200 cd/m2 for TPA-1A was 27.56 lm/W, which is much higher than that of the reference NPB-based device (19.88 lm/W). The above results explained that the power efficiency of the TPA-1A-based device not only depends on the turn-on voltage, but also the balance of electrons and holes in the device.



The current efficiency of the TPA-1A-based green PhOLED at the turn-on voltage was 44.29 cd/A, but the NPB-based reference device showed lower efficiency of 33.38 cd/A. At 1200 cd/m2, TPA-1A exhibited an excellent current efficiency of 49.13 cd/A when compared to NPB (27.21 cd/A). Consequently, the current efficiency of the TPA-1A-based device dramatically increased with the luminescence value of 1282 cd/m2. Interestingly, the TPA-1A-based device showed an outstanding external quantum efficiency (EQE) of 13.74%, while the NPB-based reference device showed a lower EQE of 7.64%. We believe that the higher triplet energy of TPA-1A helped to improve the efficiencies when compared to the NPB-based device. All data are summarized in Table 2. As a result, the TPA-1A-based green PhOLED revealed excellent device efficiencies than the reference (NPB) device.



Additionally, we have studied the hole-injecting property of TPA-1A in which we used NPB as the hole-transporting material. The device characteristics and efficiencies are shown in Figure 5 and summarized in Table 2. The current efficiency was noticed as 37.09 cd/A, while the power efficiency was 32.37 lm/W at the turn-on voltage (3.6 V). Consequently, the TPA-1A (HIL) device showed an external quantum efficiency of 14.59, 8.53% at the turn-on voltage and 1200 cd/m2, respectively. TPA-1A (HIL) device exhibited better performance when compare to other devices which used HATCN as the hole-injecting layer with the NPB hole-transporting material. Finally, we found that overall performance of TPA-1A as a hole-transporting and hole-injecting material enhanced the device efficiencies.



The electroluminescence spectra of TPA-1A and NPB-based green PhOLEDs are shown in Figure 6. Both devices exhibited an identical EL emission peak, which was attributed to the CIE (x,y) colour coordinate values of 0.33, 0.62 and 0.33, 0.63 for TPA-1A- and NPB-based PhOLED, respectively.





4. Conclusions


In summary, triphenylamine- and acridine-based hole-transporting material TPA-1A was designed and synthesized. The synthesized hole-transporting material showed excellent thermal stability due to its rigid acridine moiety on both sides of the triphenylamine central core. The current efficiency of TPA-1A was 49.13 cd/A, which is higher than the NPB-based reference device (27.21 cd/A). Our material manifested an excellent power efficiency of 27.56 lm/W at 1200 cd/m2. Moreover, the external quantum efficiency of TPA-1A was 13.74%, while the reference NPB exhibited a lower efficiency of 7.64%. Furthermore, the hole injection properties of TPA-1A (HIL) were demonstrated by an outstanding external quantum efficiency of 14.59%. Triphenylamine-acridine derivatives enhanced the device properties to ensure the proper charge balance than the NPB-based device. TPA-1A is a good candidate for highly efficient and thermally stable OLED applications.
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Scheme 1. Synthesis of hole-transporting material TPA-1A. 4-(9,9-diphenylacridin-10(9H)-yl)-N-(4-(9,9-diphenylacridin-10(9H)-yl)phenyl)-N-phenylaniline, Yield: 76%; white solid; 1H NMR (500 MHz, CDCl3) δ 7.32–7.35 (t, J = 10 Hz, 1H), 8.22–8.26 (m, 9H), 7.09–7.12 (m, 2H), 6.97–6.98 (m, 4H), 6.92–6.93 (d, J = 8.5 Hz, 2H), 6.87–6.88 (d, J = 8.5 Hz, 4H), 6.55–6.57 (d, J = 8 Hz, 2H) ; 13C NMR (500 MHz, CDCl3) δ 147.26, 146.44, 142.40, 130.47, 130.00, 129.90, 129.72, 127.67, 126.93, 126.33, 125.28, 116.12, 114.13; MS (APCI) m/z: 907.83 for C68H49N3 [(M + H)+]. Anal. Calcd for C68H49N3 (%): C, 89.93; H, 5.44; N, 4.63. Found: C, 89.86; H, 5.40; N, 4.71. 
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Figure 1. Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) distribution of TPA-1A. 
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Figure 2. Scanning electron microscope (SEM) images of the TPA-1A-based device cross-section. 






Figure 2. Scanning electron microscope (SEM) images of the TPA-1A-based device cross-section.



[image: Applsci 08 01168 g002]







[image: Applsci 08 01168 g003 550] 





Figure 3. Ultraviolet visible (UV–VIS) absorption and photoluminescent spectra of TPA-1A. 
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Figure 4. Energy diagram and device structure of TPA-1A-based Organic light emitting (OLED) devices. 
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Figure 5. J-V-L, luminescence-current, and power efficiency curves of TPA-1A-based devices. 
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Figure 6. Electroluminescent (EL) spectra of fabricated green PhOLEDs. 
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Table 1. Thermal, photophysical, and electrochemical properties of 4-(9,9-Diphenylacridin-10(9H)yl)-N-(4-(9,9-diphenylacridin-10(9H)-yl)phenyl)-N-phenylaniline (TPA-1A).






Table 1. Thermal, photophysical, and electrochemical properties of 4-(9,9-Diphenylacridin-10(9H)yl)-N-(4-(9,9-diphenylacridin-10(9H)-yl)phenyl)-N-phenylaniline (TPA-1A).





	HTM
	Tg a (°C)
	Td b (°C)
	UV-Vis c (nm)
	PL max d (nm)
	HOMO e (eV)
	LUMO f (eV)
	Eg g (eV)
	ET h (eV)





	TPA-1A
	176
	474
	319
	425
	−5.78
	−2.45
	3.33
	2.58







a Glass transition temperature; b Decomposition temperature at 5% weight reduction; c UV absorption wavelength; d Photoluminescent emission; e Highest occupied molecular orbital energy; f Lowest unoccupied molecular orbital energy; g Energy band gap; h Triplet energy.
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Table 2. Device properties of TPA-1A (HTL) with reference N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine NPB and TPA-1A (HIL).
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Characteristic

	
TPA-1A (HTL)

	
NPB (Reference)

	
TPA-1A (HIL)






	
Current (mA)

	
0.006 a

	
0.006 a

	
0.01 a




	
0.10 b

	
0.18 b

	
0.18 b




	
Current efficiency (cd/A)

	
44.29 a

	
33.38 a

	
37.09 a




	
49.13 b

	
27.21 b

	
30.57 b




	
Power efficiency (lm/W)

	
31.62 a

	
30.85 a

	
32.37 a




	
27.56 b

	
19.88 b

	
19.21 b




	
Luminescence (cd/m2)

	
62.81 a

	
48.4 a

	
146.2 a




	
1282 b

	
1197 b

	
1341 b




	
External quantum efficiency (EQE %)

	
15.50 a

	
13.39 a

	
14.59 a




	
13.74 b

	
7.64 b

	
8.53 b




	
International Commission on Illumination

CIE (x,y) b

	
0.33, 0.62

	
0.33, 0.63

	
0.34, 0.61








a At turn-on voltage; b At 1200 cd/m2.
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